Introduction
Protein error of a pH indicator has been widely applied to the determination of the human serum albumin as the dye-binding method using Bromocresol Green and others. [1] [2] [3] [4] [5] [6] As this method can be carried out very simply and rapidly, this methodology will also be employed for clinical tests in the future. The measurement conditions in designing a dye-binding method have so far been examined experimentally, but not theoretically. Theoretical analysis will be useful in designing a dye-binding method in order to grasp its basic characteristics such as optimal pH and detection sensitivity before performing various experiments. One can thus simplify a series of studies. Therefore, the author previously investigated the chemical equilibrium of protein error of a pH indicator and the chemical characteristics of the dye-binding method theoretically on the assumption that protein error is the reaction between the side chains of amino acid residue positively charged in a protein molecule and the proton-dissociated dye anion. [7] [8] [9] In these studies, it was found that the spectral characteristics of protein error of the sulfonephthalein indicators can be explained by the above-mentioned assumptions.
Further, the chemical characteristics of the dye-binding method, for example, the detection sensitivity, the optimal pH and the proportionality for the color development, can be examined by simple calculations. However, in this methodology there are still several problems, such as upper limit pH where the change of the color shade occurs, and effect of the buffer concentration in the color reagent on the color development, which should be theoretically solved. The latter problem will be reported in detail in a subsequent paper.
In the dye-binding method, the absorbance increase that occurred due to the change of the color shade of protein error is measured to determine the protein concentration. However, this absorbance increase is observed only in a narrow pH region where the change of the color shade occurs and this pH region is different for each kind of dye. Thus, the pH region where the protein error is applicable to the determination of the human serum albumin is restricted, but not theoretically studied. So, the author investigated the upper limit pH at which the absorbance increase appears. I used the theoretical calculation based on the chemical equilibrium of protein error, and compared these results with those obtained experimentally using four sulfonephthalein indicators employed in the clinical examination of albumin in body fluids.
Experimental

Reagents
All of the reagents were obtained from Wako Pure Chemical Industries, Ltd., Osaka Japan, and were of the best quality available.
Buffer solutions: Buffer solutions with the pH range from 1.04 to 2.28 were prepared by mixing a 0.1 mol l -1 glycol solution containing 0.1 mol l -1 NaCl and a 0.1 mol l -1 HCl solution. Buffer solutions with the pH range from 2.4 to 7.80 were prepared by mixing a 0. In the dye-binding method for determining the albumin concentration, the absorbance increase due to the change of the color shade by protein error of a pH indicator can be measured by a spectrophotometer. This absorbance increase is observed only in a restricted pH region, but this pH region is not theoretically studied yet. Thus, the author investigated the upper limit pH (pHUL) at which the absorbance increase occurs by the theoretical calculation, and compared these results with those obtained experimentally using four pH indicators. The pHUL is not affected by the dye or protein concentrations, or by the formation constant of the dye-protein complex; but the value changes according to the aciddissociation constant of the dye (KD) and the ratio of the molar absorptivities of the proton-dissociated dye anion (εD) and the dye-protein complex (εPD). The pHUL value can be calculated by the equation, found theoretically. The calculated pHUL values of BPB, BCG, BCP and BTB were 5.1, 4.8, 6.2 and 5.5, respectively. These values correlated with the experimental results of 4.5 for BPB, 4.7 for BCG, 5.9 for BCP and 5.2 for BTB, but were not associated with the pKD values of each dye. The pHUL of these dyes did not change significantly for various dye and protein concentrations, as was expected from the thoretical calculation. NaOH solution. The pH of the solution was adjusted using a Hitachi-Horiba M8 pH meter.
Dye solution, 1 mmol l -1 : 670 mg of Bromophenol Blue (BPB), 700 mg of Bromocresol Green (BCG), 540 mg of Bromocresol Purple (BCP) and 670 mg of Bromothymol Blue (BTB) were dissolved separately in 1000 ml of distilled water.
Color reagent: to 20 ml of the buffer solution, 2.0 -8.0 ml of the dye solution were added, and then the mixture was diluted to 100 ml with distilled water.
Protein solution, 2.0 g l -1 : 200 mg of human serum albumin was dissolved in 100 ml of distilled water. This solution was stored in a refrigerator.
Procedure
A test solution was prepared by adding 4.0 ml of the color reagent to 1.0 ml of the protein solution and reacted for 10 min at 25˚C. A reagent blank was prepared by mixing 4.0 ml of the color reagent and 1.0 ml of distilled water. Then their absorbances were recorded at 600 nm for BPB, 620 nm for BCG, 590 nm for BCP and 615 nm for BTB against distilled water at 25˚C with a Hitachi 7010 Clinical Spectrophotometer.
Calculation of Chemical Equilibrium of Protein Error
In this study, the analysis of the dye-binding method was performed in the same manner as that reported in previous papers based on these assumptions: 1 -4. 1 With respect to the binding between protein and dye, several analytic models have been proposed. [11] [12] [13] [14] [15] In the model of Klotz et al. 11 the reaction of protein with dye has been considered to proceed according to the stepwise equilibrium. Each protein has plural binding sites bound to dye (HD), each of which binds only one molecule of dye, and p pieces of dye molecule bind to each protein by p step reactions whose equilibrium constants (K1, K2, ···, Kp) are different from one another. However, in this study, assuming that the first binding step contributes most to protein error, the participation of the other binding steps in it is neglected in order to simplify the calculation. The binding site is assumed to be the side chain of amino acid residue positively charged in a protein molecule, and the dye bound to the protein is assumed to be the protondissociated dye anion (D -). 
Here, KD is the acid-dissociation constant of the protonundissociated dye (HD), PD is the dye-protein complex, KPD is the formation constant of the dye-protein complex and P + is the positively charged protein. 4 The absorption maximum of the dye-protein complex that appears newly is located away from that of the protonundissociated dye, and at this wavelength the protonundissociated dye indicates no absorption. In addition, the absorption maximum of the dye-protein complex is close to that of the proton-dissociated dye anion.
When all dye concentrations and positively charged protein concentrations in the reaction mixture are represented by CD and CP, respectively, the concentration of the dye-protein complex formed can be calculated as follows. 7, 8 
KDKPD[PD] 2 -(KDKPDCD + KDKPDCP + [H + ] + KD)[PD]
+ KDKPDCDCP = 0
When total protein concentration and mean dissociation constant of amino acid residue in a protein molecule are represented by CX and α, respectively, CP is calculated as follows: Here Ka and Kb indicate mean dissociation constants of acidic and basic residues of protein, and KW is the ionic product for water.
The absorbance (EP) of the test solution containing the dyeprotein complex at the absorption maximum against distilled water is the sum of the absorbance (EPD) of the dye-protein complex formed and that (ED) of the unreacted protondissociated dye anion (D -P).
The absorbance of the protondissociated dye anion (D -B) in the reagent blank and the molar absorptivities of the dye-protein complex and the protondissociated dye anion are represented as EB, εPD and εD, respectively. Then the apparent absorbance (EZ) of the test solution against the reagent blank measured by a spectrophotometer can be expressed as follows.
where n is the εPD/εD ratio, which means that the molar absorptivity of the dye-protein complex is n times larger than that of the proton-dissociated dye anion. The apparent absorbance of the test solution measured against the reagent blank at arbitrary pH can be obtained by calculating the concentration of the dye-protein complex by Eq. (3), and then substituting this value into Eq. (5).
Results and Discussion
Calculated results
Changing the dye and protein concentrations, the formation constant of the dye-protein complex, and the n value (the εPD/εD ratio), I examined the relationship between these variables and the upper limit pH (represented by pHUL) where the absorbance increase comes not to occur, i.e., the apparent absorbance becomes zero (EZ = 0). Figure 1 indicates the relationship between the apparent absorbance and the pH in the reaction of
four dyes with the pKD values of 3.98, 4.67, 6.30 and 7.00. In all the reactions, the pHUL (indicated by ↑) appears when the n value is 0 < n < 1, and is different for each kind of dye. Figures  2 -4 indicate the effects of CD, CX and KPD on the pHUL. These three variables change the apparent absorbance, but do not affect the pHUL.
The color development decreases with increasing buffer concentration in the color reagent, 10 which is caused by the anions in the buffer solution. However, the calculation that takes account of the reaction between the buffer anion and protein, which will be described in the next paper, indicates that the pHUL is not affected by increasing the anion concentration, that is, the buffer concentration in the color reagent.
It is the n value that affects the pHUL; this pHUL shifts to a lower pH region with decreasing the n value as indicated in Figure 6 shows the relationship between the pH and the amount of the dye-protein complex formed in the reaction of the four dyes. Thus, even at the pH value where the apparent absorbance becomes zero, the dye-protein complex is formed, and its formation lasts for up to about pH 12. Namely, a conditional equation meeting the requirement for EZ = 0 in the pH region below pH 12 is as shown below.
where 0 < < 1.
In the case of n ≥ 1, i.e., εPD ≥ εD, since D > 0, a pH value satisfying Eq. (6) D -] ). In protein error, the decrease in the acid color and the increase in the alkaline color occur due to the binding of the proton-dissociated dye anion with the alkaline color to protein. Consequently, the color shade of the dye solution changes from the acid color to the alkaline color by adding protein. From this, the required condition under which the change of the color shade of a pH indicator by adding protein can be observed with one's naked eyes is that the proton-undissociated dye with the enough acid color to be detected visually exists in the color reagent before adding protein. In a dichromatic pH indicator, it is generally said that one can discriminate the change of the color shade when the ratio of the acid color and the alkaline color is approximately 0.1 < [D -]/[HD] < 10. Therefore, since the pH where this ratio becomes 10 is nearly pKD + 1, the upper limit pH where protein error can be observed visually is thought to be approximately pKD + 1 which is close to the upper limit of transition interval of the pH indicator.
The pH value satisfying Eq. (6) exists only in the case of n < 1, i.e., εPD < εD. Arranging Eq. (6), we can obtain the following equation. pHUL = pKD -log where n = .
From this equation, the relationships between the pHUL and the n value can be summarized as follows. If 0 < n < 0.5, then pHUL < pKD, and the pHUL appears in a lower pH region than the pKD value of the dye. If n = 0.5, then pHUL = pKD, and the pHUL appears at the pH corresponding to the pKD value of the dye. If 0.5 < n < 1.0, then pHUL > pKD, and the pHUL appears in a higher pH region than the pKD value of the dye. Table 1 indicates the pHUL calculated by this equation, employing the n values of BPB, BCG, BCP and BTB obtained semiempirically. 16 These calculated pHUL values do not give a good correlation with the pKD values of these dyes. The increase in the n value on shifting the pHUL to a higher pH region is thought to expand the pH range where the change of the color shade can be observed. The more the difference of pHUL -pKD increases, the more the pH range where the change of the color shade occurs expands.
Experimental results in the reaction of the four dyes
The relationship between the apparent absorbance and the pH was examined in the reaction of BPB, BCG, BCP and BTB with human serum albumin in the pH range from 1.04 to 12.90. The reactions of these four dyes were different, but in all the reactions the pHUL (indicated by ↑) existed as shown in Fig. 7 . At this pH, since the absorption spectrum of the test solution was close to that of the reagent blank, the clear change of the color shade, yellow to blue in BPB, yellow to green in BCG and yellow to blue in BCP observed in the pH region where the apparent absorbance was Ez > 0 was hard to detect in spite of the presence of protein. However, in the reaction of BTB, the apparent absorbance was so tiny compared to those in the reaction of the other dyes that in the protein concentrations examined the change of the color shade, yellow to blue, was not , Kb = 10 -2 , KPD = 10 7 , n = 0.5. 1, pKD = 3.98; 2, pKD = 4.67; 3, pKD = 6.30; 4, pKD = 7.00. In addition, the pHUL did not change with increasing the buffer concentration in the color reagent as shown in Table 2 . These pHUL values were not correlated with the pKD value of the dye, indicating that, although the pHUL shifts to a higher pH with increasing the pKD value under the same calculation conditions of KPD, CD, CX and n value, the pHUL is not always decided only by the pKD value in the actual reaction. On the other hand, the pHUL obtained by the calculation correlated with that obtained by the experiment as shown in Fig. 10 . Thus, the characteristics of protein error of the four dyes were approximately reproduced by the calculation based on the assumptions 1 -4. As indicated above, the pH region where the absorbance increase caused by the binding of the proton-dissociated dye anion to protein occurs is restricted, and changes for different pKD values of the dye and different εPD/εD ratios of the protondissociated dye anion and the dye-protein complex. In the reaction between dye and albumin, the upper limit pH (pHUL) where the absorbance increase occurs exists, and therefore the dye-binding method based on measuring an absorbance increase with protein error can be designed only in the pH region below the pHUL. The pHUL gives a criterion for the pH range examined regarding the apparent absorbance, but can not be calculated when the εPD/εD ratio is unknown. In this case, since the pHUL is not affected by dye and protein concentrations or by the formation constant of the dye-protein complex, it can be decided experimentally by examining the apparent absorbance at one arbitrary dye and protein concentration, changing the pH near the pKD value of a used dye. Thus, in designing a dyebinding method, the estimation of its characteristics by the calculation described here before performing experiments is useful to simplify its study. 
